Itjaritjari, the southern marsupial mole (Notoryctes typhlops), is an extreme fossorial species that is very rarely encountered on the surface and has been regarded as a sand swimmer that leaves no reliable trace of its passage through the sand. Like many extreme fossorial species on other continents, itjaritjari is poorly known and is considered rare and threatened. In this study, surface tracks known to have been made by itjaritjari were followed underground where they became clearly defined, circular, sand-filled tunnels with a mean diameter of 39 mm. Trenches dug to expose vertical sections of dune revealed that backfilled tunnels of similar appearance and dimensions were common on dunes in the study areas, averaging 3.2 backfilled tunnels per vertical square meter. Loose sand, and thus opportunities for sand swimming, is confined to the surface in the Australian dune fields, which are well vegetated and characterized by lightly bonded sand. Rather than sand swim, itjaritjari carves tunnels and backfills as it goes, leaving clearly distinguishable and unique traces of its passage (''moleholes'') that accumulate over years or decades. This finding provides a much needed means of investigating the distribution, abundance, and conservation of marsupial moles. The technique may have application in the study of several other elusive fossorial species on other continents that may backfill their tunnels, many of which are endangered.
The ability to detect a species is perhaps the most fundamental requirement for studying its ecology and conservation. Species that cannot be reliably detected are inevitably poorly known and, in many regards, unknowable.
Marsupial moles provide a particular challenge to ecological study and an example of subterranean species that have defied conventional wildlife survey techniques for over a century. Marsupial moles have been regarded as essentially undetectable in the landscape except by accidentally encountering the animals or their signs on their rare visits to the surface (Spencer 1896; Johnson and Walton 1989; Pearson and Turner 2000) or by detecting their presence in predator scats (Paltridge 1998; . There are no known techniques for trapping the species, and their tracks, although distinctive, are rarely observed. Marsupial moles do not excavate hollow tunnels or produce soil heaps that might indicate their presence in an area. The remains of marsupial moles have been found in predator scats, especially those of the introduced European red fox, Vulpes vulpes, at disturbingly high frequencies (Paltridge 1998 ), but it is unclear whether this suggests that the species are more common than previously supposed, or because these predators are especially good at preying upon these species and thus pose a dire threat to their conservation. Without information on the distribution and abundance of marsupial moles and a means of monitoring their population trends, interpretation of these data is problematic.
There are 2 recognized species of marsupial moles (itjaritjari, Notoryctes typhlops and kakarratul, N. caurinus) that occur in the central Australian dune fields and the northwestern dune fields respectively. These 2 species are the sole extant representatives of the order Notoryctemorphia. Both species are morphologically similar and have a head and body length of up to 140 mm and weigh from 30 to 60 g (Johnson and Walton 1989; Benshemesh 2008; Benshemesh and Aplin 2008) . Notoryctid mammals show remarkable morphological and physiological convergence with placental mammals, particularly with golden moles (family Chrysochloridae) of Africa (Withers et al. 2000; Warburton 2003; Archer et , and show the typical characteristics of fossorial mammals (Nevo 1979) , including a tubular body form, an absence of ear pinnae, reduced eyes (absent in marsupial moles), heavily keratinized skin on the snout, a reduced tail, and short dense fur. Marsupial moles are the most fossorial of the world's marsupials, and are arguably the most fossorial of mammals, only rarely venturing to the surface where they are cumbersome, slow, and highly vulnerable to a range of predators.
Although this primitive order of marsupials has been known to science for over 120 years and potentially occupy much of the continent's interior, records are sparse. There is a total of about 300 records of marsupial moles in museums and wildlife databases (Benshemesh 2004) , the majority of which are physical specimens provided by Aboriginal people during the 1st few decades after their discovery. The acquisition rate of records was more than twice as high in the 50 years after their discovery than in the 6 decades since then, which has led to concern about both species' conservation, especially because most mammals in the weight range between 35 g and 5.5 kg in central Australia have shown precipitous declines or become extinct since European settlement (Burbidge and McKenzie 1989; Maxwell et al. 1996; Johnson 2006; Johnson and Isaac 2009) . Although both species are listed as endangered nationally under the Environment Protection and Biodiversity Conservation Act 1999, so little is known about marsupial moles that even this is uncertain and both species are currently considered data deficient by International Union for Conservation of Nature (IUCN) criteria.
Marsupial moles have been considered to be sand swimmers like some of the highly convergent golden moles of Africa and some sand-dwelling reptiles that leave no trace of their passage through the substrate. Sand swimming involves moving through the sand as in a fluid medium, and is distinct from burrowing through firm substrates (Mosauer 1932; Pough 1970) . However, some observations suggest that discreet, sandfilled tunnels (SFTs) might be left behind when marsupial moles tunnel, at least occasionally. Johnson and Walton (1989) noted that during an unsuccessful attempt to dig out a marsupial mole whose fresh tracks had been found on the surface, ''sand tubes'' were noticed in the walls of the pit and attributed to marsupial moles. Despite this observation, they maintained that the ''sand collapses behind the animal as it progresses and no tunnel is formed. Nevertheless, where one has passed through a soil profile, an oval shaped differentiation in soil texture and color can be seen'' (Johnson and Walton 1989) .
Whether marsupial moles routinely leave recognizable signs underground is of importance to conservation because such signs may provide an efficient means of detecting these species. In common with other extreme fossorial animals such as the African golden moles (Bronner and Bennett 2005) and South American pink fairy armadillo or pichiciego (Chlamyphorus truncatus -Superina 2006) , marsupial moles are difficult to detect in the landscape by conventional means and new methods that do not rely on serendipitously encountering animals or their occasional surface signs would be immensely useful for the study of these mysterious mammals.
Here, I investigate the signs left by itjaritjari (N. typhlops) underground. I describe confirmed underground signs of itjaritjari and compare these with external measures of museum specimens and with signs found in trenches at various localities in the Anangu-Pitjantjatjara-Yankunytjatjara Lands (APYL) in central Australia. I also discuss the possibility that backfilled tunneling may characterize the burrowing behavior of other fossorial species and suggest that the technique of making these underground signs apparent may be useful in their study.
MATERIALS AND METHODS
The APYL are located in the far northwest of South Australia and cover over 10 million ha, most of which comprise the dune fields of the Great Victoria Desert (Fig. 1 Surface tracks and confirmation of underground signs.-Surface tracks of itjaritjari were incidentally encountered during various activities in the field and on 5 separate occasions tracks were successfully followed underground. In each of these cases the tracks were positively identified by aboriginal traditional owners as having been made by itjaritjari, while in one case (June 2000) tracks were made by an itjaritjari that was captured on the surface and subsequently released. In all but 1 of these 5 cases the surface tracks exhibited the sinuous drag marks characteristic of the species (Benshemesh and Johnson 2003; Triggs 2004; Moseby et al. 2009 ), whereas in 1 case (October 1998) the surface signs were evident only as exit holes, the tracks having been obliterated by rain. The weathered exit holes were subtle, typically consisting of a hollow cul-de-sac about 5-10 cm long and 3-4 cm in diameter, and were identified by local traditional owners as having been made by itjaritjari. This was later confirmed by finding a dead itjaritjari in one of these holes.
Surface signs were followed underground by gently probing with a finger to determine the direction of the tunnel, and then making a fresh cut with a shovel a few centimeters behind the hole to expose the SFT on the vertical face. The SFT thus sectioned was always circular and completely filled with sand. The smallest and largest diameters of the SFT were measured to the nearest millimeter, and this process was then repeated every 10-20 cm along the tunnel until the SFT was eventually lost or went too deep to follow. This process was most successful when the sand was dry and the loose sand within the SFT contrasted with the surrounding substrate.
Sampling SFTs in trenches.-Between 1999 and 2004, 277 trenches were dug to explore their usefulness for itjaritjari survey. Most trenches were placed on or near dunes and excavated to be approximately 100 cm long by 80 cm deep and 40 cm wide. The long axis of each trench was aligned eastwest to maximize exposure of the north-facing trench wall to the sun, which helped dry the wall and facilitated detection of SFT. Only the north-facing wall was inspected for SFT. Immediately after the trench was excavated the walls were smoothed and allowed to dry for at least a day. To examine the trench wall for SFT, the wall was again lightly rubbed and dry sand was tossed at the wall. This gentle sandblasting eroded the surface and made the edges of SFT more apparent as the infill eroded more than the surrounding sand. All elliptical and symmetrical SFTs with a minimum diameter between 20 and 60 mm were counted and measured. Smaller SFTs sometimes occurred in trenches, particularly with minimum diameters around 10 mm, although these were usually less common than larger sizes and were less distinctive; they were thought to have been made by burrowing invertebrates (such as cylindrachetid insects). SFTs with a minimum diameter greater than 60 mm were very rarely encountered and appeared to be filled-in burrows of lizards or mammals.
Vertical densities of SFTs per trench were obtained by dividing counts by the area of the inspected trench wall, and the significance of differences between areas was tested using single-factor analysis of variance (ANOVA). SFTs sectioned by a trench show a range of elliptical shapes depending on the angle with which a tunnel is cut; however, the minimum diameter, or minor axis, remains constant for a given tunnel diameter and was taken as a measure of the tunnel size (Dmin). Single-factor ANOVA was used to test differences between Dmin measured in trenches in the APYL and in the 5 SFTs followed from the surface.
The maximum diameter of the ellipse (major axis) was also measured (Dmax) and varied with the angle the tunnel was cut (i.e., the cylindrical section). The inclination (0-908) of the major axis of the ellipse was measured using a protractor and plumb line. To establish whether or not the observed frequency of the inclination differed from a uniform distribution, a chisquared goodness-of-fit test was performed on the distribution of inclination values in 158 intervals (resulting in 6 bins). The depth of an SFT was measured from the surface to the center of the tunnel. A chi-squared goodness-of-fit test was used to establish whether the depth of tunnels was uniformly distributed in trenches of a standard 0.7-m depth. To derive the expected distribution of elliptical shapes of a hypothetical SFT that is circular in cross-section, but sectioned randomly by a trench wall, the ratio of major to minor axes (D-ratio) was calculated at 0.18 intervals over 0-908 using the formula: Dratio ¼ 1/sin(h), where h is the angle at which the tunnel is sectioned (908 representing a cross-section). Implicit in this model is that the hypothetical tunnel is perfectly straight, and that the ratios are unbounded. However, this assumption is unrealistic as neither animal tunnels nor trench walls are likely to be perfectly straight. Accordingly, to derive a more realistic expected distribution of ratio of major to minor axes, angles were limited to 0-758 (ratios 1.0-4.0), thereby ignoring the tail end of the expected distribution representing about 15% of expected ellipses.
Measuring museum specimens.-The external width and depth of 10 alcohol-preserved specimens of N. typhlops deposited in Museum Victoria were measured to provide an indication of the size of the animals in relation to SFTs. Two of these specimens were collected from the vicinity of Charlotte Waters/Crown Point on the western edge of the Simpson Desert, Northern Territory, about 350 km from the APYL. The remaining 8 specimens were simply listed as coming from ''central Australia.'' However, as all 10 specimens were collected in the period 1894-1916 for Baldwin Spencer by Southern Arrente people acting on the request of Paddy Byrne (Spencer 1896; Mulvaney et al. 2000) , it is almost certain that all specimens came from the same general area. Measures included the width and depth of the body at the widest points at the shoulder and hip, and the total width and depth at these points including the fore-and hind limbs, respectively.
RESULTS
When followed underground, surface tracks developed into SFTs that were completely filled with sand, and were circular in cross-section without flattened areas at the top, bottom, or elsewhere around the circumference.
In trenches, SFTs resembled those confirmed as made by itjaritjari, except that in trenches the sections were elliptical and only occasionally circular. SFTs 20-60 mm in diameter were common at all 3 sites and averaged 3.2 SFT per vertical square meter (Makiri: 3.6 6 3.0 SD, n ¼ 9; Walalkara: 3.2 6 3.6 SD, n ¼ 200; Watarru: 3.3 6 2.9 SD, n ¼ 67). Differences in SFT density between sites were not significant (ANOVA F 2,273 ¼ 0.76, P ¼ 0.47).
SFTs followed from the surface and those in trenches did not show any obvious internal structure. When SFTs occasionally passed through a band of discolored or laminated sand, the former was evident by the discolored sand being shifted several centimeters within the tunnel, and the latter by the uniform appearance of the SFT within the laminated matrix. Otherwise, SFTs were only apparent by their edge rather than differences between the infill and matrix. Infill was generally more lightly bonded than the matrix; in SFTs that were followed from the surface the infill was often so loose that sand flowed out of the tunnel as soon as it was exposed.
The minimum diameter of SFTs followed from surface tracks averaged 39.2 mm (6 3.6 mm SD; Table 1), which was similar to those encountered in trenches (39.8 mm 6 4.0 mm SD).
The frequency distribution of the minimum diameter of SFTs tracked underground was similar to that in trenches (Fig.  2) : in both cases the distributions were unimodal and centered on the 37-40-mm size classes. Differences between the five sets of SFT obtained from tracking individuals from the surface and those measured in trenches were not significant when treated as separate groups (ANOVA: F 5,1227 ¼ 0.63, P ¼ 0.68) or when the results from surface tracking were pooled and compared with SFT in trenches (F 1,1231 ¼ 0.96, P ¼ 0.33).
SFTs followed from the surface were deliberately sectioned transversely and appeared circular. In trenches, SFTs were sectioned at various angles and appeared as ellipses. However, the distribution of the ratio between the major and minor ellipse axes was consistent with that expected of a circular tube sectioned at random angles (Fig. 3) . This agreement suggests that SFTs in trenches would be circular if sectioned transversely, and that tunnels in trenches were not orientated in any particular direction.
The inclination of the major axis of SFTs in trenches (Fig.  4) varied significantly from a uniform distribution (v 2 ¼ 96.4, d.f. ¼ 5, P , 0.001): 58% of tunnels were inclined at 308 or less, and 40% were inclined at 0-158. The frequency distribution of SFT depths from the surface was also nonuniform (v 2 ¼ 194, d.f. ¼ 6, P , 0.001), and was unimodal and centered at 30-40 cm from the surface (Fig.  5) .
Measurements of museum specimens (Table 2) showed that the muscular shoulders of itjaritjari would only occupy an average 43% of a hypothetical 40-mm circular tunnel, whereas the hips would occupy even less (29%). However, including the limbs increased the minimum area required for the shoulders to 72%, and for the hips to 89%, of a hypothetical 40-mm circular tunnel.
DISCUSSION
This study has shown that the dimensions of SFT detected in trenches was the same as SFT signs followed underground from the surface, and was consistent with measures of preserved specimens of itjaritjari. Although the limbs of preserved specimens were unlikely to have been preserved in a position typical of digging, the measures nonetheless provided a rough guide of the tunnel area that may be required by itjaritjari and were close to what may be expected: the hindquarter cross-sectional area of museum specimens occupied 89% of a hypothetical SFT of similar dimensions as recorded in trenches.
Trenches sampled the abundance of marsupial mole signs at three localities in the APYL and showed that signs were n ¼ 1,183 ). In the box plots, ''mild'' outliers (crosses) are between 1.5 to 3 times the interquartile range, and ''extreme'' outliers (circles) are greater than this. Means are indicated by diamonds.
common at all sites. Itjaritjari carves circular tunnels of remarkable consistency and abundance. Measures of the depth and inclination of SFTs showed that itjaritjari tends to tunnel at shallow angles to the horizontal at a depth of 20-50 cm below the surface. SFT tunnels were nonetheless recorded at all inclinations and depths within the trenches, suggesting that itjaritjari has great freedom of movement underground. Indeed, although trench depths were standardized at 0.7 m in this study to estimate densities at various depths, 1 trench was 2.5-m deep and an appropriately sized SFT was detected near its base, indicating that itjaritjari tunneled to this depth at least occasionally.
Perhaps the most significant finding of this study is also the simplest: the underground tunnels of itjaritjari are clearly detectable underground in the form of backfilled tunnels. This finding is contrary to the long-standing assumption that the sand collapses and no tunnel is formed as they burrow (Johnson and Walton 1989) and that the species leaves no trace of its passage underground (Stirling 1891) . Previously, Notoryctes has been regarded as a sand swimmer like the convergent but unrelated Namib golden mole (Eremitalpa granti namibensis), and a variety of reptiles (e.g., Maladen et al. 2009 ) that are known to move through loose sand. The distinction between sand swimming and tunneling is important because the assumption that no signs of itjaritjari exist underground has inhibited research into the distribution, abundance, and conservation status of these unique species that are regarded as endangered. Rather than sand swim, itjaritjari simultaneously tunnels and backfills. In contrast to the Namib golden mole, marsupial moles struggle to burrow into loose sand and even when buried their rate of movement is less than half that of the Namib golden mole (Withers et al. 2000) . This difference in the digging ability of the Namib golden mole and marsupial moles likely reflects an evolutionary response to very different environments. Unlike the hyperarid Namib Desert in which the Namib golden mole lives among moving dunes, the Australian dune fields have been stable over many thousands of years. Although arid, rainfall in the Great Victoria Desert is not especially low and dunes are well vegetated, contributing to their stability (Goudie 2002) . For the most part, dunes in the Great Victoria Desert are tens or even hundreds of thousands of years old (Bowler 1976; Sheard et al. 2006; Prescott and Robertson 2008) . Even on the surface, there has been little aeolian transport or reworking of sand over the past 15 ka (Pell and Chivas 1995; Pell et al. 1999) . In association with this stability, sands in Australian deserts are typically lightly bonded with clay (Benshemesh and Hignett 2010) and/or salts (Hesse 2011) at the points of contact between grains, and loose sand is rare except on the surface where physical disturbance is commonplace. Without loose sand, marsupial moles have little need to sand swim and have not developed this capability.
Although itjaritjari is a poor sand swimmer, it is clearly adept at backfill tunneling, and the lightly bonded substrate under the surface is ideal for the preservation of these structures. Itjaritjari tunnels appear remarkably circular, a feature that would reduce drag by minimizing surface area. Backfilled tunnels, as opposed to hollow tunnels, also save energy and time in construction. Most subterranean mammals create hollow tunnels that require the infill to be removed to surface heaps (e.g., mole hills) or to disused tunnels (Andersen 1987; Šklíba et al. 2010) . The energetic cost of moving and disposing of infill represents 40-52% of the total cost of constructing burrows by pocket gophers in sandy substrates (estimated from data and equations in Vleck 1979), but is a cost that appears to have been completely dispensed with by itjaritjari. Routine backfilling of tunnels is also likely to reduce predation and allow the tunneler great freedom of movement underground, and access to greater depths, than may be the case if infill needed to be transported to the surface against gravity. On the other hand, backfill tunneling is an especially slow and energetically expensive means of locomotion.
Under what conditions might backfill tunneling be advantageous compared with the more common vertebrate habit of hollowing out tunnels? First, backfill tunneling would seem suitable for species inhabiting areas where soil cohesion is low and the probability of hollow tunnel collapse is high. The backfilled tunnels of itjaritjari persist in the soil profile when filled with sand, but may not retain their structure for long if they were hollow. Second, where local food sources are easily exhausted there may be little benefit in reusing tunnels, and hence no advantage to hollowing out tunnels and avoiding future tunneling costs. Itjaritjari feeds largely on arthropods underground (Winkel and Humphrey-Smith 1988; Pavey et al. 2012) , and given the low productivity of arid areas (Noy Meir 1973; Hadley and Szarek 1981) , there may be little benefit in returning to exploited sites; opportunities for harvesting invertebrates that fall into tunnels in the manner of talpid moles don't exist in the Australian dune fields. Third, high predation pressure may also favor backfill tunneling both because tunnels are blocked with sand and cannot easily be followed by predators (such as snakes and dasyurid marsupials), and because exposure to surface predators would be minimized as ventures to the surface to dispose of soil are eliminated.
Might the SFT be made by other species in addition to itjaritjari?-Although it is clear that itjaritjari makes the SFT (henceforth called ''moleholes'') recorded in trenches, whether they do so uniquely in central Australia is difficult to prove but is most likely. No other species is known or suspected to routinely create circular SFTs with a diameter greater than 20 mm. Many animals in the dune fields are known to create hollow burrows, including scorpions, spiders, lizards, mammals, and even some birds, but no other species is likely to create the circular SFTs recorded in trenches, or is a perpetual burrower like Notoryctes.
Backfill tunnelers on other continents.-Backfill tunneling is regarded as the most sophisticated form of burrowing (Bromley 1996) but is rare in vertebrates. Fossil backfilled tunnels of similar size to those in this study have been reported from Middle Jurassic aeolian dune deposits in Utah, presumably excavated and backfilled by unidentified vertebrate insectivores (Loope 2008) , and in late Miocene and Holocene aeolian deposits from Argentina where they have been attributed to the pink fairy armadillo (Melchor et al. 2012) .
In extant mammals, only marsupial moles, the pink fairy armadillo, and some golden moles are known to simultaneously backfill as they tunnel. These species share a range of common morphological features, most conspicuously the scraper-shaped front claws, and use similar parasagittal digging styles that differ markedly from other subterranean mammals including talpid moles (Gasc et al. 1986; Warburton 2003) .
The Namib golden mole E. g. namibensis is the best-studied golden mole and differs from other subspecies of E. granti in its capability of burrowing in completely loose sand (Gasc et al. 1986 ). Unlike other golden moles, it is also a capable runner, often traveling 1-2 km per night in search of termites and other insects that it detects by vibrations and sand swims to capture (Fielden et al. 1990; Narins et al. 1997; Seymour et al. 1998) . Whether the Namib golden mole also occurs in lightly cemented sand where it might carve recognizable tunnels in the manner of itjaritjari is unclear, but is possible especially in the more mesic eastern Namib where it spends more time underground (Fielden 1991; Fielden et al. 1990 ). The almost identical Cape golden mole (E. g. granti) has a much greater range than its smaller relative and occurs in more mesic aeolian dune environments where the annual rainfall is similar to the sites in the current study; it is also a possible candidate for backfill tunneling.
Whether other golden moles might also backfill tunnel is unknown. Some species are known to construct permanent hollow tunnels, but most species are poorly known and their underground habits are not documented. Backfill tunneling might occur in at least some of the 21 species currently described, many of which occur in light sandy soils (Bronner and Bennett 2005) , much like marsupial moles.
As with most extreme fossorial insectivores, very little is known about the pink fairy armadillo, a small, cryptic, and rare species endemic to central western Argentina. The species is restricted to sandy plains Superina et al. 2010 ) and, at least in captivity, backfills its tunnels (Rood 1970; Melchor et al. 2012 ) in a manner similar to itjaritjari except that it uses its specialized rump to pack infill. C. truncatus finds it difficult to burrow in loose sand (Superina 2011) and in its natural environment may routinely backfill as it tunnels, as suggested by the fossil record (Melchor et al. 2012) .
Usefulness for survey and monitoring.-The importance of backfill tunneling for conservation is that it leaves an identifiable sign under the surface that provides a means of detecting species that are especially elusive and poorly known. In the case of itjaritjari, these signs are completely filled with sand, circular in cross-section (although typically sectioned as elliptical), with a 40-mm diameter, and very narrow and uniform size distribution. These moleholes are distinctive and seem to be unique in the Australian deserts. Moreover, these signs were remarkably common at our sites in the APYL, averaging about 3 moleholes per vertical square meter, or about 30 km of backfilled tunnel per hectare, on the crests and slopes of dunes. Although the actual age of moleholes described in this study is not known, this high abundance suggests that the tunnels may persist and accumulate over years and possibly decades. Nonetheless, fresh moleholes can be readily distinguished by their loose infill and provide evidence of the current distribution and abundance of the species. Older signs provide information on past distribution, and although the time frame for older signs is not yet known, the comparison of current and past distributions is of immense interest for conservation studies.
The techniques described in this paper may also be useful for the study of other extreme fossorial insectivores, most of which are threatened. Of the 21 species of golden mole, 10 are regarded as threatened by IUCN criteria, and 5 of these are endangered and are among the 10 most endangered mammal species in South Africa (Friedmann and Daly 2004) . These are extremely cryptic species that are often only known from a few specimens and from surface signs where their burrows break the surface (Bronner and Bennett 2005) . In addition, another 2 golden mole species are regarded as data deficient and may well be threatened, although they are so poorly known that even this is uncertain. The pink fairy armadillo and both species of marsupial moles are also regarded as data deficient by IUCN criteria Dickman et al. 2008; Superina et al. 2010) . A new method of detecting the presence of these elusive and enigmatic species would be of great value to clarifying their conservation status, examining their distribution, abundance, and underground habits, and establishing monitoring programs.
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